SPECIAL REPORT

REVOLUTION IN COSMOLOGY

t a conference last May entitled “The Missing Energy
in the Universe,” cosmologists took a vote. Did they
believe recent observations of distant exploding
stars, which implied—in defiance of all expectations—that the
universe is growing at an ever faster rate? Although as-
tronomers have known since the 1920s that the universe is en-
larging in size, pushing galaxies ever farther apart, they have al-
ways assumed that this expansion is mellowing out as gravity
exerts its force of restraint. If in fact the growth is accelerating,
the universe must be filled with some unknown form of matter
or energy whose gravity repels rather than attracts. Hitherto
unseen energy is, well, a repulsive thought for physicists. And
yet of the 60 researchers present for the vote, 40 said they ac-
cepted the new findings.

Astronomers had suspected for more than a decade that
altwas not well in the halls of modern cosmology. When ob-
servers totted up the ordinary matter in the universe, it fell
short of the amount needed to slow the cosmic expansion as
predicted by the theory of inflation, an elegant explanation
of the earliest stages of the big bang. Until now, the evidence
against the theory has never been strong enough to over-
come its advantages. But today even the theorists a pt
that something is amiss. At the very least, the expansion is
not decelerating as rapidly as once thought. Either scientists
must reconcile themselves to kooky energy, or they must
modify or abandon inflation.

CIENTIFIC AMERICAN presents three sides of the

t, three observers relate how and why their work on
supernovae has caused such commotion, Then a theorist ex
plains why these results attest to an ethereal energy that
mpty space. Finally, a pair of cosmologists offer an-
interpretation that extends the theory of inflation to
times “before” the big bang. The Editors
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Exploding stars seen across immense distances

show that the cosmic expansion may be accelerating—
a sign that the universe may be driven apart

by an exotic new form of energy

by Craig J. Hogan, Robert P. Kirshner and Nicholas B, Suntzeff
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tiv decide whether a ptative supermova is real. Because we must
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of the exploded star has all bue disappearcd, so we can obtain
3 good image of its host galaxy. We use this Anal view tosaih
trict the constant ghow of the palaxy from the images of the
supernova. Cur best measurements come from the - Hulshle
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redshift supemaovae, ones thar erupred between four and seven
billion years ago, when the universe was between ane half and
two thirds of its presens age, Both groups were hit with a major
sueprise; the supernovae are fainter than expeoted. The differ-
ence is slight, the distant supemovae being, on average, only 25
percent dimmer than forecast. But this result is enough m call
long-standing cosmological theories into question,

Before drawing any sweeping conclusions, astronomers n
boeh reams have been asking themselves whether there i 2
prosaic explanation for the relative dimness of these distane
supernovae, One culprit could be murkiness cansed by cos-
mic dust, which might screen out some of the lght, We think
we can discount this possibility, however, because dust grains
wonld tend o filter our blue light mose than red, causing the
supeenovie to appear reddes than they really are (in the sanie
way that ammospheric dust colors the setting sun), We ob-
serve no such alteranon. Also, we would expect char cosmic
dizst, unless it & spread very smoothly throughour space,
would introduce a large amount of variation in the measure-
ments, which we do nor see either

Anuther possible disturbance 15 pravitational kensing, the
bending of light rays as they skirt galaxies en route. Such lens-
ing occasonally canses brghtening, bur most often it causes
demagnification and thus can conerilsute ro the dimness of dis-
tant supernovae. Yet calculations show that this effect becomes
imporant ealy for sources located even farther away chan the
supernavac we are studying, so we can dismiss this complica-
tiom as well. |

Finally, we worricd thar the distanr supernovae are some-
how different from the nearby oncs, perhaps forming from
younger stars thar contain fewer heavy elements than is typical
in muone mature galasies. Although we cannoe rule our this
possibility, cur analysis already tries to take such differences
istir aconmt, These adjustments appear to work well when we
apply them o nearby galaxies, which range widely in age,
meakeup and the kinds of supermorvac scen, |

Because none of these mundane etfects fits the new olserva)
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tigns, we and many other scientists are now led 1o think thae
the unexpected fainmess of distant supernovae is indeed
caused by the structure of the cosmos. Two different propertivs
of space and of tme might be contributing.

First, space might have negative curvanure, Such warping is
easier to comprehend with & two-dimensional analogy, Crea-
tures living in & perfectly flat, two-dimensional world (like the
charscrers in Edwin A, Abbow's chassic novel Hatlaod) would
finl thar a circle of radivs r bas a circumierence of exactly 2.
But if their world were subtly beot into a saddle shape, it
would have a slight negative curvarure [see “Inflation in 2
Lowe-Density Universe,” by Martin A. Bucher and David M.
Spergel, on page 62]. The two-dimensional residents of Sad-
dleland might be oblivioas to this corvarere until they mea-
sured a large circle of some set eadivs and discovensd that irs
drcumference was greater than 2ar,

Most cosmologists have assurned, for various theareticl
reasons, that our three-dimensional space, like Flagland, &5 not
curved. But if it had negative curvarure, the large sphere of ra-
dliation given off by an ancient supernova would have a grearer
area than st does in geometrically flat space, making the source
appear strangely faing,

A second explananion for the unexpected dimnes of distane
supemovae is thar they are farther away than their redshifs
suggest. Wiewed another way, supernovae located at these
enormous distances seem to have less redlshife than anticipated.
Toaccount tor the sisaller redshify, cosmologists postlan: that
the universe must have expanded more showly i the past than
they had expecred, giving less of an averall streteh o the uni-
verse and to the light traveling within i,

The Force

What is the signilicance of the cosmic expansson showing
less quickly than previously thought? If the universe i
meacke of normal mearter, gravity must steadily sfow the expan-
siom. Lintle dowing, as indicated by the supernovae measure:

Sawrveying Space-fivee witle Supernopae
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ments, thus implics that the overall densicy of martter in the uni-
verse 15 low,

Although this conclusion undermines thearetical preconcep-
mhons, it agress with several other ines of evidence. For example,
astronomers have noted thar cemain stars appear to be older
than the accepeed age of the universe—a clear impossibiling. Bur
if the cosmios expanded more slowly m the past, as the super-
novae novw indicate, the age of the universe must be revised up-
ward, which may resobve the conundrum. The new results also
“aceord with other recent attempes to ascertain the total amount
of matter, such as studies of galaxy clusters [ see “The Evolution
of Galaxy Clasters,” by J. Parrick Henry, Ulrich G. Bricl and
Hans Bohringer; Scignmivic Ampgican, December 1998],
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What does the new understanding of the density of marer
in the universe say ahour its curvature? According to the prin-
ciples of general relativity, curvature and deceleration are con-
nectied. To paraphrase John A Wheeler, formerly at Poinceton
University: marter tells space-time how ro curve, and space-
rime rells matrer how o move. A small densicy of marter im-
plies negative curvature as well as lisde slowing, If the universe
is nearly empey, these two dimming effects are both near their
theoretical maximum.

The big surprise 15 that the supermovae we see are fainter
than predicted even for & nearly empry universe (which has
maximum negative curvature), Taken at face value, our obser-
vations appear to reguire that expansion is acteally accelerat-

ing with time. A universe composed only of
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normal matter canmnat grow i this fashion, be-
cause ifs graviry is always amractive. Yet accond-
ing, 101 Eimstesn’s theory, the expansion can speed
up if an exotic form of encrpy Alls empey space
everywhere, This strange “vacuum energy” is
embodied in Einstein’s egquanons as the so
called cosmalogical constant. Unlike ardinary
forms of mass and energy, the vacuum energy
adds gravity thar is repulsive and can drive the
universe apart A ever increasing specds |see
*Cosmaological Anmigravity,” by Lawrence M.
Krauss, on page 52], Once we admic this cx-
tranrdinary possibility, we can explain our ob-
servations perfectly, even assuming the flar ge-
ometry beloved of theorists,
Evsdence for a strange Form of enengy impart-
ing a repalsive gravigatonal force is the moss in-
teresting result we could have hoped for, ver it ks
so astonishing that we and others remain suir-
ably skeptical. Forunately, advances in the
rechnology available wo astronomers, such as
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SUPERMNOVA OBSERVATIONS by the authors’ team (red aots) deviare
shightly bun significantly from the pamern that many theoreticians

namely, a Mynpdd&fﬁ:ﬂ:ﬁﬂ{bfﬂhﬂdﬂ::hbﬂldﬂ:dlh:ﬁlm
is “flar™ and has no cosmological constant, These observations. indicate tha
:hg universe has only 20 percent of the marer necessary 1o make it flar,
becanse it is decelerating more slowly than predicted (black line), The
MGt cven suggest that expansion i accelerating, perhaps becavse of
a nonzers cosmological convant (red line).

new mfrared detectors and the Next Genera-
tion Space Tebescope, will soon permit us to test
our conclussons. by offering greater precision
and relabilicy. These marvelous mstruments
will also aflow us 1o perceive even faincer bea-
cons that flared sall longer ago i galaxies thar
are much, much farther away. L]
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